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ABSTRACT
Eiectroiess nickel (EN) deposits obtained from alkaline EN

baths employing citrate or glycine as complexing agents and

5

species. Besides these, Ni0O and NiPD4 are present as surface

triethancliamine as an additive are characterized by ECSCA. This

+
study reveals that Ni and P in EN are present as Ni and P

species. They confer passivity on EN and thereby conftribute to

its corrosion resistanca.

INTRODUCTION

Elasctroless nickel deposits obtainegd by using sodium
hypophosphite as the reducing agent are binary alloys of nickel
and phosphorus. In the as-plated condition, the deposits with
low phosphorus content are crystalline and thoss containing more
than 7 wt % of phosphorus are amorphous or microcrystalline.
These deposits are reported to be in the metastable state. On
heat treatment, they transform into 3 more stable state consisting
of fcec Ni and tetragonal NiaP. Numerous efforts have been made

to study the amorphous-crystalline transition by Transmission
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Electron Microscopy (TEM) and Differential Scanning Calorimetry

(DSC)y [1-171. Sugila and Yeno [181 have studied by XPS EN
deposited from a pyrophosphate bath. They have found that
deposits obtained at pH = 8 contain mostly non-metallic nickel and

considerable oxygen impurity fthroughout the deposit, and EN
obtained at pH=10 contains metallic nickel. Papini and Papini

[19] found that the deposit contained, bessides Ni° and P, oxidized

nicke! which was probably Ni0 and N1203 or Ni(DH)z. Ivanov et al
{207 found that the surface layers contained Ni® and NiO while
deaper layers were free from NiO. P was seen to be pregent as
P and P5+ throughout the bulk of the deposit. Cignificant

amounts of NiJ were reported to bs present throughout the deposit
in EN formed from pyrophosphate baths [211. The purpose of this
communication is therefore to get a better insight into the state
of combination of P in EN and to elucidate the nature of surface

species by photoelectiron spectroscopic studies.

EXPERIMENTAL

Film preparation

Citrate or glycine based baths containing ethanolamine
developed by two of the authors (22,231 were used to prepare
electroless nickel films for XPS investigations. The bath
composition and operating conditions are given in Tables | and II.

Deposits with different phosphorus contents were prepared from a

Table I. Composition of citrate based ethanclamine bath,

Nickel chloride = 0.1 M
Sodium hypophosphite = 0.093 M
Sodium citrate = 0.15 M
Triethanolamine = O0.18 M
Temperature = SOQC

citrate-triethanolamine bath by varying the concentration of
sodium citrate. Deposits from citrate-triethanolamine baths were
designated as CT-EN and those from glycine-ethanclamine
were designated as GM-EN, GD-EN and GT-EN where M,D,T stand for

mono, oi and tri ethanolamine.
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Table II. Composition of glycine based ethanoclamine baths

Nickel chioride = D.1 M
Sodium hypophosphite = 0.28 M
Glycine = 0.4 M
Ethanolamine = 0.3 M

(Mono, di and tri-)

Q

Tempsraturse = 90

EN fiims of about thm thick were deposited on copper foils
after thorough cleaning, activated in 0.2 gpl PdC12 solution and
finally rinsing in distilled water.

X-Ray photaoeleciron spectroscopy

Photoelectron spectra were recorded on a VG Scientific ESCA -

(@]

MK Il electron spectrometer. The ssmples were analyzed in the
as-deposited state, after ion etching in vacuum and after
nxidation by exposure to oxygen, air and hesating in air. The
base pressure in the analyzer ochamber of the spectrometer is

always less than 10"9 torr.

RESULTS AND DISCUSSION
XPS studies on EN deposited from citrate-triethanclamine baths

XP spectra of deposits etched in vacuum showed peaks due to Ni
and P only, =mstablishing that deposits wer2 pure. Earlier XPS
studies of EN [18,21]1 showed considerable basic impurities in EN.

Figure 1 shows the XP spectra (Ni 2p region) of etched and
oxygen exposed EN deposits. The spectrum A of Fig.1 of the
as-plated deposift (after etching? shows the Ni{Zpsjgi pwak at
853.2 eV and the Ni (2p1/2) peak at B868.8 eV. A small satellite
is seen on the higher binding energy side at 5.5 - 6.5 eV from the
Ni(2p3/2) paak, In pure nickel the
eV [241].

2 5 52.6
( PB/E) peak occurs at 85Z.6

Figure 2 shows the He Il UP spesctra of pure nickel! and that of
EN. The valence band of EN shows a shift (with respect to the
valence band of nickel) of +0.2 eV and +D.8 =2V respectively for
4.3 and 15.5% phosphorus deaposits. These shifts may imply that

- s ry z + z
Ni in-EN is present as Ni species.
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Fig.1.XP spectra of CT-EN (Ni region) A: 4.3% P deposit (etched)
B:12.5% P deposit (exposed to oxygen);C:15.5 P deposit (exposed to
oxygen); D: 12.5%P deposit heated in air at 4007°C( fhour).

INTENSITY (ARG UNITS)

Fig.2.He Il UPS of etched nickel and CT-EN
A: Nij; B:4.3%P (EN); C: 15.5% P (EN); D:15.5%P (EN) hsated at
400°¢C for 1 hour.
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Figure 3 shows the XP spectra of EN in the phosphorus 2p region.
It is seen from the spectrum A that the P(2p) peak occurs at 129.7
eV for CT-EN 15.5% P, Binding energy for P(2p) level in red
phosphorus is 130.2 eV [Z51. Therefore, the P(2Zp) peak in EN is

shifted by -0.5 eV with respect to the (2p)> peak of red

)

phosphorus. P(2p) emission is seen to be shifted to the sam

I

extent (-D.5 eV) in the case of oxygen exposed samples (B and C o
Fig.3). Further, it is noticed that the shift is 0.5 eV for 4.3%

P deposit as well as 15.5% P which indicates that the shift 1is

INTENSITY (ARBIT UNITS )
T T

Fig.3 XP spectra of CT-EN deposits - Phosphorus 2p region;
A:15.5% P (etched); B:4.3% P (exposed to oxygen); C:15.5% P
(exposed to oxygen); D:12,5% P (heated in air at 400°C for 1

hour)

independent of the concentration of P. The direction of the
shift of the 2p emission of P shows that it is in a negatively
charged state (P . The occurence of P (3p) smission in He Il
UPS (Fig.2) at a wvalue lower than the normally expected value of
10 eV lends further support to this inference.

The intensity ratio of the Ni(2p3/2) peak to the P (2p) peak is
found to be the same for the surface and bulk. Hence, there is
no segregation of P or Ni in CT-EN in the as-plated condition.
No change in surface concentration of P could be detected even

after heating the deposit to 850 K in vacuum.
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From specira B and C in Fig.1 it is seen that additional peaks

st 854.9 and 856.5 eV, identifiable respestively as NiZ and Ni°,

are discernible in the oxygen exposed samples. The Ni(Zpllﬂ)
'
region also exhibits three peaks (868,9,871.8 and 873.5 eV) which
2
are identifiable as dus to the presence of Ni +, Ni“+ and Nis*

species in EN.

Spectrum D in Fig.1 of CT-EN (12,5%P) hsated in air at 40000
also shows pesks dus to Ni +,N12+ and Nia* species The pressncs
of a largs amount of Ni2+ makes the N13+peak iti-defined.

Spectra of oxygen exposed samples in the P(2p) region (B and C
in Fig.3) show peaks at 129.7 and 132.8 seV. The lower binding
ensrgy peak is dus ito P h specias, The higher binding energy

peak can be ascribed to be due to P5+ species since the P (2p)

peak in Na,pHPD4 occurs at 133.1 eV [261. The presence of two P
species can be deduced from the asymmetry of P (3p) around 3.5 eV
in He I1 UPS of oxygen exposed samples (Fig.4) A similar doubls
] ol2p #29)
¥4y \

INTENSITY {ARBIT.UNIT)

Fig.4. He 11 UPS of CT-EN exposed to oxygen A:15.5% p; B:4.3% P,

peak can also be seen in the spesctra reported by Papini and Papini
[191 though they did not interpret it in terms of the double peak.
lvanov et al [201 also observed P (2p) peaks at 129.7 and 132.5 eV
which were ascribed respectively to PO and PS’. They however,
did not comment on the negative shift of the P (2p) peak. The
absence of P on the surface is deduced from the spectrum of CT-EN

{12.5%P) (specitrum D in Fig.3) heated in air 1200%C).
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The oxygen 13 region of the XP spectra of CT-EN is shown in
Fig. 5. The as-plated sample, after etching, is seen to be free
from oxygen (spectrum A of Fig.5). The spectrum (D of Fig.5) of
the sample (CT-EN(12.5%)) heated in air at 400°C shows 0 (1s)
emission at 528.8 eV. From spectra D of Figs.5 and 3, it is seen
that the surface of this sampie does not contain P but only nickeil
apecies (N1'.2+ and Ni3+7, Hence the 529.2 eV peak can be sascribed
to oxygen associated with nickel as oxide.

Spectra (B and C of Fig.5) of samples exposed to oxygen sxhibit
a3 double peak; one at 528.9 eV and another at 531.8 eV. By
analogy with the spectrum of a sample heated in air, the lower

binding enrgy (528.9 V) peak can be assigned to oxygen of nickel

5+
oxides, The higher binding energy peak is5 seen whenevser P
species is detected. The two oxygen species are also
identifiable from He Il UPS of EN (Fig.4) which is consistent with

these deductions.

01S)

INTENSITY {ARBIT.UNITS)

Fig.5 XP spectra of CT-EN deposits - oxygen 1s region; A:4.3% P
(etched); B:4.3% P (exposed to oxygen);C:15.5% P (exposed to
oxygen); D:12.5% P (heated in air at 400°C)

At this stage one could attempt at the identification of the
compounds present on the surface of EN in the as-plated condition.

A comparison of the relative intensities of the two 0(1s) peaks,
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shows that the amount of oxygen associated with P is more than
that assccoliated with HNi. Taking this fact together with the
observation that as-plated and oxygen exposed samples always
contain P5+, the most probable species responsible for the higher
binding energy 0 (ls) pesak is phosphate. The intensity ratios of
the Ni3+ semission, P5+ and D {(is) at 531.3 eV show that virtualiy
ali the Ni3+ is present as NiFD4. By considering the other oxide
speciaes to be NI one 1s able %o account for the observed
intensities of the Ni2+and the $ (ls) emission with a binding
energy of 528.8% eV. The as-plated sample probably does not

contain any Ni_ O,. Comparing the relative ratios of intensitie

2.3

)
+ @

4

of Ni2+ and Ni’ and two O (1s) peaks and assuming Ni2+ and Ni3
are present respectively as NIiO and NiPD4, it is estimated that
the amount of surface NiPD4 species present in as-plated CT-EN
(4.3% P) and CT-EN (15.5% P) is nearly the same. However, the
surface concentration of Nif3 appears to be greater in 4.3 % P EN
deposit than in EN containing 15.5% P.

The sateliite (Fig.1) on the higher binding energy side of Ni
2p3/2 occurs in both the etched and oxygen exponsed samples. In
the former, it is probably dwe to charge transfer excitation
between Ni and P whereas in the latter case it may be ascribed to
charge transfer excitation between Ni and O. A similar satellite

is seen in the XPS of EN reported by others {18,119 and 211.

XPS studies on EN deposited from gylcine ethanolamine baths
XF spectra of GM,GD and GT (M,D and T refer to mon-, di- and

tri-sthanoliamine’) deposits are similar and hence typical results
of EN deposited from the GT bath alone are considered. The
as-piated deponsit shows Ni(2p3/2) peaks at 853.2 and 856 eV
showing that the surface contains both Ni * and Nia*. The P (2p)

emission is seen to consist of two peaks at 129.7 and 132.6 eV
(Fig.5). The lower binding energy peak could be ascribed to
P species and the higher binding senergy peak to Ps+ speciegs.

it shows a broad unsymmetrical O (1s) emission (Fig.7) which could

be resolved into two components with binding energy of 528.8 and

£31.9 eV. By analogy with XPS of CT-EN, the higher binding
+

energy 0(l1s) peak can be ascribed to oxygen associated with Ps as

phosphate. The lower binding energy peak of 0O (1s) can be

assigned to oxygen associated with nickel as nickel oxide.
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Fig.B. XP spectra of GT-EN (4.8% P) deposit - Phosphorus 2p region

A: heated in air at 400°C for 1 hour; B: as deposited condition.

The presencs of Ni3+, PS+ and D (ls) at » higher binding energy

of 531.9 eV indicate that one of the probable surface species is
NiPG&. From the reslative intensities of 0 (is) emissions at
529.8 and 531.8 eV (Fig.7), it is deduced that the surface species
in the as-plated condition is predominantly nickel and the oxide

content is quite small,

On etching, the 0 (1s) emission completely disappsesars. n
exposing the etched sample to oxygen an 0O (ls) smission reappears.
The spectra of an oxygen sxposed sample and an as-plated sample
are similar.

The etched sample exhibits the Ni(2p3/2) peak at slightly
higher binding energy (852.8 eV) a5 compared to that of pure
nicksl (BB2.8 V) indicating that nicke!l is present as Ni *. A
satellite at B850.1 eV is also seen. This is probably due fo
charge transfer excitation from the P (3p) to the Ni(3d) orbital.
P (2p) is seen at binding ensrgy of 125.7 eV which ig slightly
lower than the binding energy of red P (130.2 eV) indicating that
the species is P .

The intensity ratio of Ni(2p3/2> peak and P (2p) peak in the
as-plated sample and the etched samples show that Ni:P:PD4 is

24:51:25 in the as-plated deposit and Ni:P is 24:76 in the etched
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Fig.7 XP spectra of GT-EN (4.8% P) oxygen 1ls region

sample. This indicates segregation of P to the surface.
Preferential segregation of P to the surface could be dus to its
tow heat of evaporation or due to the strain energy {271. The
heat of evaporation of P is 2.87 Kcal/gm-atom while that of Ni is
g1

Kecal/gm~-atom. If this difference is responsible for

[
[}
[

regation, then one would have noticed it in CT-EN deposits
also. Since it is not observed in the case of GT-EN deposits, it
is inferred that the segregation in GT-EN deposit might be due to
large strain in the deposits. Segregation of P might be the
cause for the predominant formation of phosphate on the surface of

the as-plated deposit and on that exposed to oxygen.

Comparison of the results of XPS study of CT-EN and GE-EN
Comparing the results of XPS study of EN from CT and GE baths,

J-

3
1. Both EN deposits contain Ni and P as Ni and £ .

the following remarks may be made:

[

CT-EN deposits do not show any segregation of P at the surface

herea

£
o

EN deposited from glycine baths exhibits surface

egregation of P.

0]

3. The surface film of deposit in the as-plated condition |is
virtually NiPDA in the case of GE-EN deposits, while it consists

of both NiO and NiPD4 in the case of CT-EN.

The nature of phosphorus species in EN

The nature of phosphorus in EN can be discussed in the light of
the results presented.

The shifts in the binding energies of 2p levels of nickel and
phosphorus show the formation of Ni * and P . This deduction

regarding the nature of affective charge on Ni and P agrees with
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that arrived at by Ching (281 and Chen gt al. {283 through
theoretical calculations. These results contradict the direction
of charge transfer proposed by Mott [30] to explain the decrease
in the magnatic moment of nickel dusg to atioying with
non-transition elemsnts which was uwsed by Albert [31] to explain
the dependence of magnetization of nickel on concentration of
phosphorus. The results reported in this paper alsc do not
support the theory of 'rigid band charge transfer model® (321
propesed to explain the magnetic properties of metallic glasses,
in which it is assumed that a transfer of one or more electrons
takes place from the metalloid atom to the d band of the
transition metal. The applicability of this model has however

been questioned already [33].

The occurrence of emissions at 2.5 eV and 7.5 eV in the valence
band spectrum of EN and their absence in the spectrum of pure Ni
(Fig.2} 1indicates an interaction between P (3p} and Ni( 34d)
orbitals. The energy level diagram given by Szasz et al {341
lends support to such an interaction. From a soft X-ray emission
spaeciroscopic (SXES) study of melt quenched Ni-P alloys, Tanaka =t
2l (351 concluded that in these alloys, p bands of P hybridize
with d bands of nickel whieh supports our conclusion. Similar
hybridization between phosphorus p-states and nickel d-states has
been pointed out from a study of the optical properties of melt

quenched Ni~-P alloy by Rivory et al (361.

The valence band spectrum of EN does not show any change when
the sample is heated at 400°C (C and D of Fig.2) which is well
beyond the crystallization temperature, of EN. It has besn
shown that at temperatures above crystallisation temperature, EN
transforms from amorphous phase inte faoc Ni and boe NiSP. In
other words, compound formation takes place. If the chemical
intersction betwesen Ni and P is brought about only during
crystallization, then the spectra of deposits in the as-plated
condition and in the heat trested state would be different. The
absence of such a difference points out that chemical interaction
between Ni snd P has alrsady taken place during the deposition of
EN. The fact that AH for crystallization is much smaller than
AH of formation of NiSP from Ni and P [371 supports this conclusion.

It is reported that the chemical shift of the Ni (2p3/2)

emission increases with concentration of P while the chemical
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ghift of F (2p) does not vary with the concentration of P, This
means that the effective charge on the P atom is independent of
phosphorus content of EN but that on the Ni atom depends on the
phosphorus content of the deposit. This observation can be
understood in terms of the theoretical result of Ching 1281, He
has shown that the net charge on the Ni atom depends on the number
of wnearest neighbor (NN} F atoms. In EN, P-P contact 1is

wniikely, and therefore esch P atom will have nearily the same

environment in EN with different compositions It is conceivabie
that Ni atoms will have a much wider distribution of the number of
NN P atoms, which will depend on ths composition of EN.

Conseguentiy, the effective charge (hence chemical shift) of Ni
wili depend on the composition of EN, while the partial charge on
P (hence chemical shift) will not depend on the P content of EN.
Such 3 behavior can aiso be inferred by comparing the theoretical
results of Chen et al, [28] with those of Ching [281]. Ching [281]
calocuisted the net charge on P in NiSP to be -0.5 and felt that a
value of -0.3 to -0.4 is more realistic in view of the fact that
his calculations had not been carried out to self-consistency.
Chen =t «l, {251 calculated the charge on P in Ni3P to be -0.384.
Similariy values obtained for different compositions of Ni-P alloy

point out that partial charge on P is independent of composition.

CONCLUSION
In conclusion, it can be stated that the passivity of
slectroliess nickel deposits is due to presence of the charged

specis of Ni and P.
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